Abstract -In this paper an approach to the synthesis of macronnomers is described which permits to convert into reactive polymerisable species a wide circle of physiologically active substances without noticeable change of their activity. This approach which we developed and studied since 1975 at Moscow University gave us a chance to create a whole new range of macromonomers which were found to be capable of linear, three--dimensional and graft polymerisation. Products of these reactions are soluble physiologically active substances, hydrogels with immobilized physiologically active species, sorbents for biospecific chromatography, coatings which increase blood compatibility of polymeric prosthetic devices, etc.
Few years ago, mainly due to efforts of chemists studying ionic polymerisation processes, a new branch of monomer chemistry arose, namely, chemistry of macromonomers, i.e., organic species of rather high molecular mass (5000-10000) having the reactive group (double bond or cycle) at the end of the molecule. Most interesting results were obtained by E. Goethals in Belgium and J. Kennedy in USA (1, 2) . Polymerisation of such monomers results in graft copolymers and other types of block sequences in macromolecular chains.
This new branch of "big" monomers is very attractive, in particular, by giving a chance to study the reactivity of the double bond (or cycle) which are under the influence of conformational rearrangements of the macromolecule itself.
First publications on the synthesis of physiologically active macromonomers in the middle of the 70-ies were related with immobilization of enzymes in polymeric hydrogels. The driving force for this research was the fact that, in the majority of methods, to carry out this process based on the interaction of physiologically active species (FAS) with a pizeactivated polymer matrix, there was no big chance to maintain the biological activity of immobilized FAS. The reason for that, as shown in Ref. 3 , is the necessity to adapt FAS macromolecules to the structure of the polymer matrix which needed essential conformational changes of FAS. However, another approach could be developed when the polymer matrix is itself adopted to the macromolecules of 
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It is known that, in principle, acyl chlorides can react with amino, hydroxy and sulfhydryl groups of FAS. That is why one of the first questions was to elucidate what groups are subjected to modification at first turn and how effectively this process proceeds as well as to know whether or not such activation influences the structure and biological properties of FAS. To answer this question is not so simple, because it is convenient to carry out acylation in water medium when most FAS are soluble and demonstrate their activity.
At the same time, water reacts as a hydrolysing agent toward acyl chloride and, as a result, the real degree of acylation does not correspond to the initial ratio of raw materials (FAS/acyl chloride) (Ref s [7] [8] [9] [10] .
A study of the acylation reaction of proteins (serum albumin, for example) with a model compound -14C-acetyl chloride -has shown that there is corretion between the content of free amino groups and the number of acetyl groups (Fig. 1) . It is shown that the number of acetyl groups introduced into serum albumin (SA) molecule is equal to that of "disappeared" free amino groups capable of a reaction with trinitrobenzenesulfonate. Using isoelectric electrofocussing technique, it was found that at the acyl chloride/protein ratio from 4:1 to 200:1 the isoelectric point of protein is shifted into the acidic region which shows a change in basicity of the SA molecule (Fig. 2) . The isoelectric points of modified proteins depend on the initial ratio acylating agent/protein. However, at a ratio above 50:1 for acrylic acide chloroanhydride the isoelectric points are not changed any more. From the results obtained it followed that in the examined conditions the acylation reaction involving only free amino groups takes place (s-amino groups of lysine and end amino groups). Partially, acyl chloride is subjected to the hydrolysis. Schematically, these reactions could be written as:
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The ratio between these two rate constants has an approximate value k1 /k2 = 85 -F 15 which exceeds the corresponding value for the reaction of acyl chloride with o-BOC-L-lysine, which is a low-molecular analog of the lysine residue of the SA molecule, the said value being 33 ± 4. The following may be stipulated when protein molecules are being modified. It is seen that, on the one hand, acryloyl chloride is much more efficient acylating agent than acetyl chloride (k/k ratio for SA-AcrCl system equals 600÷100) and, on the other hand, the efficiency of acylation by AcrCl is increased with the increase in molecular mass of the protein molecule.
The effect can be explained by the solubilisation of acylating agent by macromolecules of the protein: the higher the hydrophobicity of the acylating agent, the higher the acylation efficiency. More hydrophobic molecules of AcrCl penetrate into hydrophobic portions of the protein globule, thus being shielded from interaction with water. As a result, the amount of AcrCl being hydrolyzed is substantially diminished, while the amount of AcrCl for the acylation reaction is increased. The rise in acylation efficiency for proteins of higher molecular mass may probably be attributed to a certain extent to the concentration effect, i.e., the measure of effective concentration of amino groups within a single macromolecule. The higher activity of acyichiorides towards amino groups of the proteins ensures the synthesis of unsaturated FAS derivatives via acylation of protein in aqueous solutions, in spite of the occurring hydrolysis of the acylating agent and even despite enormous molar excess of water.
[NH2}QC As regards the distinct point of attachment of the acyl radical to the protein molecule, it is determined by the accessibility and pK values of the amino groups entering the reaction. For instance, it seems likely that for SA the N-terminal amino group of asparagine is the first to become modified (pK = 9.82) and only then, by further increasing the amount of acyl chloride added, the remaining accessible amino groups of lysine (pK = 10.53) are modified. Indeed, even at ratios acyl chloride/protein as small as 2:1 there is no initial nonruodified SA left in the reaction mixture, while detection of the amino group in the N-terminal region of the protein coil according to
Edman demonstrates that at low acylating agent/protein ratios (2:1 to 7:1) asparagine n-amino groups are modified primarily. The least practically feasible acyl chloride /SA ratio, that is 2:1 (which corresponds to the weight ratio of 1:1000) leads to the monoacylated, on the average, product.
The degree of acylation of FAS may be regulated by varying the acylating agent/FAS ratio, thus giving the means for the synthesis of "macromonomers' of distinct functionality.
One of the major aspects of this procedure is how acylation affects the physiological activity of the modified compounds. The possible conformational changes that might be the result of acylation in FAS molecules of protein nature were examined by the CD (circular dichroism) technique. The study re-vealed that within a sufficiently broad range of the degrees of acylation the secondary structure of the albumin molecule remains actually unaltered (cf. A study of the catalytic activity of proteolytic enzymes and of the inhibitory activity of protease protein inhibitors, both modified by acylation procedure, permitted to establish the lack of noticeable effect of acylation even on such labile and "sensitive" macromolecules as enzymes ( Table 2 ).
The fact that the activity of trypsin and fibrinolysin which are the serine proteases is retained during acylation indicates that acylation does not intrude in the catalytically active hydroxy functions of the serine residues but involves the amino groups of the protein. When modifying FAS that contain lysine residues at the active site, acylation must reduce the activity as is the case, for instance, in the acylation of pancreatic trypsin inhibitor (PTI), whose reactive site involves the lysine residue occupying the 15th position of the polypeptide chain (Table 3) . Anti-tryptic activity of native PTI is 4.00+0.03 lU/mg. The molecular mass of PTI 6500 and trypsin 25000 having been taken into acoount, it implies that one PTI molecule "neutralizes" one trypsin molecule, i.e. it contains one reactive site. The reactive site may be protected, however, by acylating at pH 8.0 the trypsin-inhibitor complex and by isolating the modified inhibitor from the acylated trypsin after destruction of the complex at pH .0 (Ref. 12) . Anti-tryptic activity of thus isolated PTI is the same as that of the native inhibitor, though 2 of its 7 amino groups are modified under these conditions ( Table 3 ).
The effect of acylation on the pH optimum of FAS of protein nature appears essential. The fact that the pH optimum of such compounds is not shifted on acylation may be indirectly deduced from the finding that their activity is permanent at a certain pH value (optimal); still, the significance of the problem calls for direct proof of the conclusion. Figure 4 presents as an example the results of studies of the pH dependence of anti-tryptic activity for soybean trypsin inhibitor of Kunitz, both native and acylated. The pH dependences of antitryptic activity are, as is seen, of the same mode and shape with maxima at the same pH 8.0 for both the native and acylated inhibitor, i.e. the pH optimum is indeed not shifted on acylation of the inhibitor. 
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What is also worth attention is that the pH dependence of acylated inhibitor is definitely less pronounced, together with the increase in stability towards thermoinactivation on acylation for many proteins. It indicates that acylation is accompanied by additional stabilisation of the native conformation of biomolecule due to hydrophobic interactions which are enhanced when amino groups are modified with a more hydrophobic residues of unsaturated acids.
The A more detailed study has been recently performed by V.A. Postnikov and N.y. Dobrovol'skaya for an acylated SA-acrylamide system. Acryl-SA was obtained at the 2:1 AcrCl/SA ratio. Gel chromatographic analysis of the polymerisation mixture (initially composed of acyl-SA and acrylamide) demonstrates the presence of two peaks -one corresponds to the soluble product of copolymerization, the other -to the "unreacted" SA. Affinity chromatography of the first peak product on phenylsepharose confirmed that the copolymer contains SA. Its molecular mass was evaluated by ultracentrifugation
to a value near 10 , while the SA/AA ratio was found to be 1:3 by weight. At larger acyl chloride/SA ratios (i.e. more than 2:1)acyl-SA was produced that leads, when brought to copolymerize ith acrylamide, to the formation of insoluble crosslinked products.
We may now resume that acylation of protein with chlorides of unsaturated acids produces macromonomers which, while fully retaining the biological activity of initial unmodified FAS, are capable of radical polymerization.
The distinctive feature of the macromonomers synthesized, when compared to the low-molecular compounds, is that not all of the double bonds of a single macromonomer molecule are involed in the polymerisation. Some of the double bonds "attached" to the FAS molecule are unaccessible to the radicals of the growing chain, probably due to steric retardations. The physiological activity of homo-and copolymerization products depends both on the nature of FAS and on the nature of substrate. The results presented here gave hope that the described reactions might be of What are the effects in regard to the physiological activity of immobilized FAS which accompany the described structural changes? By coupling the results of investigations with FAS of various chemical nature, two major effects may be followed (Table 4 , Fig. 7 ).
The first effect is that immobilization by itself, i.e. combination of the protein molecule with the polymer, is not accompanied by noticeable changes in the activity of the immobilized molecule (the binding constants for immobilized FAS, when its concentration in the polymeric matrix is low, do not actually differ from the respective constants for native FAS) ( Table 4) . What are the distinctive features of the described immobilization procedure?
These are, primarily, the possibility to vary the number of conjugation points of the macromolecule to the matrix and the chemical nature of the polymeric microenvironment of the macromolecule. This, in turn, allows to enhance the stability of immobilized FAS towards thermal inactivation and permits to regulate the effective pH optimum of immobilized FAS, which is necessary when the FAS modified polymer is to act in a medium the pH of which is different from the pH optimum of the FAS. By introducing ionogenic monomers to the initial monomer mixture, the polymeric matrix will assume electric charge which affects the local concentration of hydrogen ions in direct vicinity of the immobilized protein, thus providing means to adjust it to the optimal value dependent on the pH of the medium (Fig. 8) which is a physiological one. The amount of trypsin associated is higher than that obtained from the non-charged gel at pH 8.0 (Fig. 8, curve II) . Such hydrogel demonstrates maximal sorption capacity, for example, when trypsin is removed from blood.
If the negatively charged monomer, e.g. acrylic acid, is introduced, the effective pH optimum is shifted to the basic pH (Fig. 8, curve III) .
The increase in thermostability of the immobilized protein is easily attained by the greater number of conjugation sites of the protein macromolecule to the polymeric matrix, i.e. by increasing the number of double bonds attached to the macromolecule ( Fig. 6 and Fig. 9 ). Figure 9 presents the results of studies on the thermostability of trypsin immobilized via copolymerization of acyltrypsin with acrylamide and a crosslinking agent (Ref. 14) . As is seen, the rate constant for a reversible thermoinactivation of the enzyme drastically falls down to a certain limiting value, as the number of bonds between the enzyme and the polymer increases, which is due to a significant retardation of conformational changes leading to irreversible thermoinactivation.
Relying on the described features of the copolymerization procedure for physiological active macromonomers, we may now give the basic criteria for the PPAC 56/1O-E 
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The approach just outlined is, quite naturally, also applicable to the immobilization in polymeric hydrogels of low-molecular compounds. We have already described synthetic adsorbents of albumin, containing hydrocarbon fragments of 12-22 carbon atoms covalently conjugated with the polymeric matrix (Ref s [15] [16] . The adsorbents were synthesized by copolymerization of the unsaturated derivatives containing hydrocarbon fragments with a hydrophilic monomer and a crosslinking agent (Fig. 10) . The paraffinic fragments display 30 60 strong affinity for the second class of binding sites of the SA molecule. Figure 11 shows the disc-electrophoregrams of plasma treated with the described adsorbent; the treatment results in the removal of SA from plasma. It should be noted that the affinity of SA to the 16 carbon atom ligand in solution and in the immobilized state is not very different (Fig. 12) . The efficiency of biospecific adsorbance of SA is dependent on the distribution of the ligand within the chains of the hydrophilic polymer, which within the framework of the described approach may be regulated by varying the composition of the monomer mixture. Figure 13 illustrates the fact that the maximal adsorbent capacity is observed when the ligand units are situated in an isolated manner along the polymer chain. When the probability to find diads and triads of ligands is increased, the adsorption capacity goes down. [Lig]
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another illustrations of such approach. By using in the new monomers those benzylamine and benzamidine fragments which act as thrombin inhibitors, immobilization via flexible spacers of different length (Fig. 13 ) was achieved. Figure 14 illustrates some of the properties of the adsorbents synthesized in this study. The adsorbent capacity as a function of ligand concentration passes through a maximum which as in the previous case is the result of association of hydrophobic ligands on swelling of the adsorbents in aqueous solutions (Fig. 14) . The activity of thus purified thrombin is 2500 NIH units. Some of the properties of the synthesized hydrogels are compiled in Table 6 .
The gels are capable of adsorbing heparin from the plasma solution. The maximal amount of adsorbed heparin is increased with the increase in mobility and 
SOME ASPECTS OF BIOMEDICAL APPLICATION OF MODIFIED POLYMERS
The synthetic biospecific adsorbents seem to become a powerful tool in preparative biochemistry as means for the isolation of highly purified substances.
The prospects for the isolation of highly purified serum albumin and thrombin by making use of low-molecular ligand have been discussed above. Here is an example of how high-molecular ligands can be utilized in adsorbents based on (Table 7) . biological activity that is actually the same as that of pure substances.
As regards medical application, surface modification of polymeric materials with FAS enhancing the hemocompatibility of these materials gave interesting results.
One of the FAS used for the purpose is heparin which is the anticoagulant of direct action. Heparin, as shown above, having been adsorbed on cholesterol-containing polymers retards the blood clotting process, i.e. enhances the hemocompatibility of the polymer. We have recently observed (Refs 19, 20) that heparin covalently bonded at the surface of synthetic polymer by some another chemical procedure improves hemocompactibility of the polymer as well. In this case the effect does not consider the leaking of heparin into the environment (Table 8) .
It is seen from Table 8 (Table 9 ). Having examined the adsorption by HCP of SA, fibrinogen, fibrinolysin and thrombin, we have found that the adsorption of fibrinogen and thrombin is the highest. These are the very proteins whose absorption was detected by thromboelastography and coagulation studies of blood. The binding constants of these proteins with immobilized heparin are (1.4+0.5)x1O5M and (8-1-2)x105M1
for fibrinogen and thrombin, respectively. The interaction of fibrinolysin with imm. heparin is of much lower extent while SA does not actually interact with it at all. As imm. heparin interacts with the same proteins as heparin in solution, it was quite natural to suggest that physiological properties of the resultant complexes are the same. The first of these properties is the ability of the complexes to dissolve the unstabilized fibrin clot. It was found that complexes of imm. heparin with fibrinogen, thrombin and, to a lesser extent, with fibrinolysin demonstrate the lytic action towards unstabilized fibrin (Fig. 16 ). This fact allows to understand why the 210L1 p7qLaA2IJa aij7wa (bLacag2a) wg7 pa axbaccaq ça aqrsca cpa bjcaac qpa- Tables 10 and 11 compile the results of studies of hemocompatibility of polymers modified with heparin and trypsin. It is seen that co-immobilization of heparin and trypsin on the polyethylene surface leads to the increase in blood clotting time and tends to decrease the platelet adhesion, while the changes of the blood clotting system parameters are of the same character as that accompanying the interaction of blood with HCP but essentially exceeding the latter. Consequently, the described binary systems, being brought into contact with blood plasma, act as active anticoagulants, and moreover display fibrinolytic action (Fig. 17) . 
